All sequence files are available from the MG-RAST database (accession number 4672709.3). All other relevant data are within the paper and its Supporting Information files.

1. Introduction {#sec001}
===============

Understanding the microbial community structure of the built environment is important because humans spend \>90% of their time in indoor environments \[[@pone.0151004.ref001]\], and evidence is accumulating that both the human and environmental microbiomes shape human health \[[@pone.0151004.ref002]--[@pone.0151004.ref004]\]. Studies have characterized the microbiome of indoor air in residences, health care facilities, university classrooms, offices, restrooms, subways, and other settings \[[@pone.0151004.ref005]--[@pone.0151004.ref011]\], but less is known about children's daycare centers.

Over 8 million children attend daycare in organized facilities in the United States \[[@pone.0151004.ref012]\]. Children who attend daycare centers have a higher incidence of certain diseases and get sicker compared to children who do not attend daycare centers \[[@pone.0151004.ref013]--[@pone.0151004.ref018]\]. Thacker et al. \[[@pone.0151004.ref017]\] estimated that preschool-aged children who spend time in a daycare center are at 2--4 times greater risk for developing an infectious disease than are children cared for at home. Hurwitz et al. \[[@pone.0151004.ref019]\] reported an increased risk of respiratory illness in children attending daycare centers. Marbury et al. \[[@pone.0151004.ref020]\] found that daycare attendance is an important risk factor for lower respiratory illness and recurrent wheezing in young children. Effects extend to parents or guardians, who may lose an average of 13 workdays annually caring for children who are ill \[[@pone.0151004.ref021]\].

Models of the spread of diseases such as influenza in a community have shown that schools and childcare centers are hubs for transmission \[[@pone.0151004.ref022]--[@pone.0151004.ref027]\]. Many common respiratory illnesses have an airborne transmission route \[[@pone.0151004.ref028]--[@pone.0151004.ref031]\], so the air in a daycare center represents a unique opportunity for sampling certain pathogenic microbes. Respiratory syncytial virus (RSV), influenza, adenovirus, rhinovirus, rotavirus, and coxsackievirus A16 are commonly associated with disease outbreaks in daycare centers and can exist as bioaerosols \[[@pone.0151004.ref032]--[@pone.0151004.ref035]\]. For example, Yang et al. \[[@pone.0151004.ref036]\] found average concentrations of influenza A virus of 2 × 10^4^ genome copies per m^3^ of air in a daycare center in three samples that were positive for the virus; one sample was negative. Of course, the airborne microbiome encompasses all microorganisms, not just pathogenic ones. Prussin II et al. \[[@pone.0151004.ref037]\] reported total bacterial-like and viral-like bioaerosol concentrations in a daycare center to be 5.0 × 10^5^ and 4.5 × 10^5^, respectively.

Prior studies have investigated the microbiome of daycare centers. A study of five daycare centers and five elementary schools in South Korea found that the airborne bacterial community reflected both humans and the outdoor environment \[[@pone.0151004.ref038]\], and there was no correlation between specific taxa and temperature and relative humidity. In a study of four daycare classrooms in the US, researchers swabbed toys and furniture and found sequences that were related to *Pseudomonas* spp. and bacteria associated with humans, including some pathogens and opportunistic pathogens, and with wastewater sludge \[[@pone.0151004.ref039]\]. In these studies, sampling was limited to approximately two months \[[@pone.0151004.ref038]\] or did not include airborne microorganisms \[[@pone.0151004.ref039]\].

One question that has not yet been investigated, to our knowledge, is whether the airborne microbial community of a daycare center exhibits seasonal dynamics. The incidence of some diseases that occur commonly in children who attend daycare centers, such as hand, foot, and mouth disease (HFMD), influenza, and gastroenteritis caused by rotavirus, follows a seasonal pattern \[[@pone.0151004.ref035], [@pone.0151004.ref040]--[@pone.0151004.ref042]\]. Understanding how the airborne microbial community changes with season could provide insight into the epidemiology of seasonal infectious diseases \[[@pone.0151004.ref041]\]. Additionally, given the important role of viruses in respiratory disease outbreaks in daycare centers, studies examining viral bioaerosols have been especially limited, due to challenges in both sampling and data analysis \[[@pone.0151004.ref043], [@pone.0151004.ref044]\].

The objectives of this study are to determine the seasonal dynamics in the bacterial community structure and in the presence of selected pathogenic viruses in the air of a daycare center. We hypothesize that daycare centers harbor a unique and dynamic microbial community structure that is strongly influenced by occupancy. Additionally, we hypothesize that there are seasonal patterns in the community structure of airborne bacteria and the presence of selected pathogenic viruses. Our results provide novel information about the seasonal dynamics of airborne bacteria and viruses in a daycare center over a year-long period.

2. Materials and Methods {#sec002}
========================

2.1 Bioaerosol Collection {#sec003}
-------------------------

We collected air samples continuously between January 2014 and February 2015 at a daycare center located in Blacksburg, Virginia, USA, with the center's permission. Approximately 200 children of both genders from ages newborn to \~10 years old attend the center; the older children attend only in the early morning before school and the late afternoon after school. The center is open from 7:15 am to 5:45 pm Monday through Friday, and a typical day includes organized reading and artwork activities, indoor and outdoor play, snack time, lunch time, and nap time. The center's windows remain closed, and the rooms are cleaned daily, including removal of garbage, vacuuming and mopping of floors, and cleaning of kitchen and bathroom surfaces. The center has a total floor area of 1187 m^2^ (12,800 ft^2^) split between two buildings, each of which is served by a 4-ton split-system heat pump rated at 2000 ft^3^ min^-1^ (Carrier). We installed a 50.8 cm × 50.8 cm pleated filter (Nordic Pure, Tulsa, OK) in a heating, ventilation, and air conditioning (HVAC) return duct that was located in the wall of a large, interior hallway connecting the entrance lobby to the kitchen and four children's rooms, and we changed the filter once every two weeks. This return duct was the only one serving one entire building, and children, parents, and teachers walked past it regularly. The velocity in the duct, measured 5 cm above the centerline and 15 cm to the side of it, was 2 m s^-1^, producing a flow rate of \~0.6 m^3^ s^-1^ after accounting for the velocity profile in a square duct \[[@pone.0151004.ref045]\]. Between 23 December 2014 and 5 January 2015, the daycare center was closed for the winter holidays, and we collected a filter sample corresponding to this 13-day period when the building was unoccupied, except for occasional cleaning workers. [Table 1](#pone.0151004.t001){ref-type="table"} lists the dates of each sample.

10.1371/journal.pone.0151004.t001

###### Sampling dates and average building parameters over the sampling period.

![](pone.0151004.t001){#pone.0151004.t001g}

  Sample Number                              Start Date                                                End Date                                                  Average Temperature (°C)   Average Relative Humidity (%)   \% Time HVAC On
  ------------------------------------------ --------------------------------------------------------- --------------------------------------------------------- -------------------------- ------------------------------- ----------------------------------------
  1                                          20 January 2014                                           03 February 2014                                          19.7                       26.6                            [^D^](#t001fn004){ref-type="table-fn"}
  2                                          03 February 2014                                          17 February 2014                                          19.9                       31.3                            [^D^](#t001fn004){ref-type="table-fn"}
  3                                          17 February 2014                                          03 March 2014                                             20.5                       32.9                            [^D^](#t001fn004){ref-type="table-fn"}
  4                                          03 March 2014                                             17 March 2014                                             20.2                       33.4                            [^D^](#t001fn004){ref-type="table-fn"}
  5                                          17 March 2014                                             31 March 2014                                             20.2                       35.2                            [^D^](#t001fn004){ref-type="table-fn"}
  6                                          31 March 2014                                             14 April 2014                                             20.6                       42.3                            [^D^](#t001fn004){ref-type="table-fn"}
  7                                          14 April 2014                                             28 April 2014                                             20.4                       44.2                            [^D^](#t001fn004){ref-type="table-fn"}
  8                                          28 April 2014                                             12 May 2014                                               21.2                       49.0                            [^D^](#t001fn004){ref-type="table-fn"}
  9                                          12 May 2014                                               27 May 2014[^A^](#t001fn001){ref-type="table-fn"}         21.0                       49.6                            [^D^](#t001fn004){ref-type="table-fn"}
  10                                         27 May 2014[^A^](#t001fn001){ref-type="table-fn"}         09 June 2014                                              20.7                       55.7                            38%
  11                                         09 June 2014                                              23 June 2014                                              20.9                       54.0                            47%
  12                                         23 June 2014                                              07 July 2014                                              20.8                       56.9                            40%
  13                                         07 July 2014                                              21 July 2014                                              20.7                       57.1                            40%
  14                                         21 July 2014                                              04 August 2014                                            20.7                       58.4                            37%
  15                                         04 August 2014                                            18 August 2014                                            20.5                       62.7                            29%
  16                                         18 August 2014                                            02 September 2014[^A^](#t001fn001){ref-type="table-fn"}   20.7                       59.8                            38%
  17                                         02 September 2014[^A^](#t001fn001){ref-type="table-fn"}   15 September 2014                                         20.5                       64.2                            33%
  18                                         15 September 2014                                         29 September 2014                                         19.7                       65.7                            17%
  19                                         29 September 2014                                         13 October 2014                                           19.0                       65.1                            13%
  20                                         13 October 2014                                           27 October 2014                                           18.2                       65.3                            10%
  21                                         27 October 2014                                           10 November 2014                                          18.0                       55.1                            21%
  22                                         10 November 2014                                          24 November 2014                                          17.8                       44.5                            40%
  23                                         24 November 2014                                          08 December 2014                                          17.0                       53.0                            29%
  24                                         08 December 2014                                          23 December 2014[^B^](#t001fn002){ref-type="table-fn"}    17.6                       45.5                            46%
  25[^C^](#t001fn003){ref-type="table-fn"}   23 December 2014[^B^](#t001fn002){ref-type="table-fn"}    05 January 2015                                           17.7                       43.3                            38%
  26                                         05 January 2015                                           19 January 2015                                           17.9                       37.9                            60%
  27                                         19 January 2015                                           02 February 2015                                          17.6                       42.0                            47%

^A^ HVAC filters changed on Tuesday because the daycare center was closed on Monday for a holiday.

^B^ HVAC filter changed on Tuesday to allow for a sample when the daycare center would be unoccupied.

^C^ Daycare center closed for the winter holidays, unoccupied except for occasional cleaning workers.

^D^ No data, as equipment to measure HVAC operation was not set up until 27 May 2014.

The HVAC filter had a Minimum Efficiency Reporting Value (MERV) rating of 14, meaning that its average particle collection efficiency was \>98%, and its efficiency over the particle size range of 0.3 μm to 1.0 μm was 75--85% according to standards of the American Society of Heating, Refrigerating and Air-Conditioning Engineers. Efficiency for particles smaller than 0.3 μm would be higher because of particle removal by Brownian motion, although electrostatic charging of the filter media could also affect collection efficiency. After removing an exposed filter, we transported it immediately to the laboratory, cut it into \~8 cm × 8 cm squares under sterile conditions, placed them in a sterile breast milk bag (Lansinoh, Alexandria, VA), and froze them at -80°C until further processing.

We measured building parameters, including temperature, relative humidity, and HVAC operational status (i.e., on/off), in the duct where the filter was located using a HOBO weather station and data logger (Onset Computer Corporation, Bourne, MA). [Table 1](#pone.0151004.t001){ref-type="table"} shows the indoor conditions during each sampling period.

2.2 Bacteria Processing and Sequencing {#sec004}
--------------------------------------

To prepare samples for analysis of bacteria, we cut two or three squares (\~8 cm × 8 cm) from each filter into smaller pieces (\~2 cm^2^) and placed them into a 50-mL conical tube. To remove bacteria from the filter, we vigorously vortexed the filter pieces in \~30 mL of 0.02% Tween-80 in molecular biology grade water and then agitated them for \~15 min at 200 rpm \[[@pone.0151004.ref046]\]. It is possible that some bacteria were not dislodged from the filter, so results represent those that were successfully removed. We extracted bacterial DNA using the QIAamp DNA Mini Kit following the manufacturer's protocol (Qiagen, Valencia, CA). An unexposed HVAC filter and a QIAamp DNA Mini Kit blank served as negative controls to indicate any microbial contamination in the filters and/or extraction kit. As previously described \[[@pone.0151004.ref047]\], we amplified DNA samples using barcoded 16S rRNA primers, purified using AMPure beads (Beckman Coulter, Pasadena, CA), and sequenced using a 300-cycle MiSeq V2 Nano kit (Illumina, San Diego, CA). Sequences are available on the MG-RAST server under accession number 4672709.3. There was no 16S rRNA amplification in either of the negative controls.

2.3 Bacteria Community Analysis {#sec005}
-------------------------------

We performed sequence analysis using tools in the Quantitative Insights Into Microbial Ecology (QIIME) package \[[@pone.0151004.ref048]\]. We demultiplexed sequences and trimmed identifier primer sequences. We excluded sequences if they did not have an exact barcode match, were shorter than 200 base pairs (bp) in length, had ambiguous bases, or had a quality score below 20. We clustered sequences into operational taxonomic units (OTUs) at a minimum identity of 97% aligned against the Greengenes core set \[[@pone.0151004.ref049]\]. To determine alpha diversity within QIIME, we used single rarefaction. We conducted a two-dimensional principal coordinate analysis in QIIME to compare how closely communities from each sample were related. To assess differences and relationships between bacterial beta diversity and season or operational parameters, we implemented ANOSIM and ADONIS in QIIME 1.9.1 \[[@pone.0151004.ref048]\]. We compared pairwise UniFrac distances against season, temperature, relative humidity, and air velocity in the HVAC duct. We used 999 permutations to calculate p-values.

2.4 Virus Processing {#sec006}
--------------------

To prepare samples for analysis of viruses, we cut two or three squares (\~8 cm × 8 cm) from each filter into smaller pieces (\~2 cm^2^) and placed them into a 50-mL conical tube. To remove viruses from the filter, we vigorously vortexed the filter pieces in \~20 mL of 3% beef extract and 0.05 M glycine in molecular biology grade water and then shook them for \~15 min at 200 rpm \[[@pone.0151004.ref046]\]. It is possible that some viruses were not dislodged from the filter, so results represent those that were successfully removed. We extracted viral nucleic acid using the QIAamp Viral RNA Mini Kit following the manufacturer's protocol (Qiagen, Valencia, CA). An unexposed HVAC filter and a QIAamp DNA Mini Kit blank served as negative controls to indicate any microbial contamination in the filters and/or extraction kit. For nucleic acid stability, immediately following RNA extraction we converted samples to cDNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). As rotavirus is a dsRNA virus, we had to separate the strands immediately prior to cDNA synthesis by combining extracted RNA and 100% DMSO at a 1:1 ratio and incubating at 95°C for 10 min. We froze samples at -20°C until polymerase chain reaction (PCR) analysis.

2.5 Virus PCR {#sec007}
-------------

We used PCR to determine the presence of the following viruses during each two-week sampling period: adenovirus, enterovirus-71, influenza A virus (IAV), respiratory syncytial virus (RSV), rhinovirus, and rotavirus. [Table 2](#pone.0151004.t002){ref-type="table"} shows forward and reverse primer sequences, including expected PCR amplicon length. We performed PCR in 25-μL volumes containing 5 μL of template cDNA or DNA, 12.5 μL of 2X Go Taq Green MasterMix (Promega, Madison, WI), between 200 nM and 500 nM forward and reverse primers depending on virus ([Table 2](#pone.0151004.t002){ref-type="table"}), and nuclease-free water to bring the total volume up to 25 μL. Table in [S1 Table](#pone.0151004.s001){ref-type="supplementary-material"} presents PCR cycling conditions. We diluted cDNA and DNA templates 1:100 to minimize the effect of PCR inhibitors typically present in environmental samples.

10.1371/journal.pone.0151004.t002

###### Primer sequences and expected amplicon lengths to detect the presence of specific viruses.

![](pone.0151004.t002){#pone.0151004.t002g}

  Virus            Forward Primer Sequence (PCR Reaction Concentration)   Reverse Primer Sequence (PCR Reaction Concentration)      Expected Amplicon Length (bp)   Ref.
  ---------------- ------------------------------------------------------ --------------------------------------------------------- ------------------------------- ----------------------------
  Adenovirus       `5'-CTGATGTACTACAACAGCACTGGCAACATGGG-3'` (500 nM)      `5'-GCGTTGCGGTGGTGGTTAAATGGGTTTACGTTGTCCAT-3'` (500 nM)   605                             \[[@pone.0151004.ref077]\]
  Enterovirus-71   `5'-ATAATAGCAYTRGCGGCAGCCCA-3'` (500 nM)               `5'-AGCTGTGCTATGTGAATTAGGAA-3'` (500 nM)                  317                             \[[@pone.0151004.ref078]\]
  IAV              `5'-AAGACCAATCCTGTCACCTCTGA-3'` (200 nM)               `5'-CATTCTGTTGTATATGAGGCCCAT-3'` (200 nM)                 262                             \[[@pone.0151004.ref036]\]
  RSV              `5'-TTGGATCTGCAATCGCCA-3'` (300 nM)                    `5'-CTTTTGATCTTGTTCACTTCTCCTTCT-3'` (300 nM)              75                              \[[@pone.0151004.ref079]\]
  Rhinovirus       `5'-TGGACAGGGTGTGAAGAGC-3'` (200 nM)                   `5'-CAAAGTAGTCGGTCCCATCC-3'` (200 nM)                     235                             \[[@pone.0151004.ref080]\]
  Rotavirus        `5'-GCTATTAAAGGCTCAATGGCGTAC-3'` (250 nM)              `5'-GGATGTAGAATTGATGGATAATTG-3'` (250 nM)                 834                             \[[@pone.0151004.ref081]\]

We ran PCR products on a 1.2% agarose gel for \~75 min at 90 V and stained the amplicons using SYBR Green I Nucleic Acid Gel Stain (ThermoFisher Scientific, Grand Island, NY). Through visualization of the gels using a Gel Doc XR+ System (Bio-rad, Hercules, CA), we analyzed samples for the presence or absence of a virus. We defined samples that produced a PCR product as containing the virus of interest. We included three negative controls (an unexposed filter, QIAamp Viral RNA Mini Kit blank, and PCR water blank) and purified RNA (converted to cDNA) or DNA extracted from each virus as positive controls.

3. Results and Discussion {#sec008}
=========================

3.1 Bacterial Community {#sec009}
-----------------------

After trimming, sorting, and quality control, there were 138,047 sequences with a median sequence length of 251 bases for analysis. The unexposed filter did not produce a detectable 16S rRNA amplicon, and thus we assumed background bacterial contamination on the HVAC filters was negligible. We classified samples collected between 17 March-9 June 2014 as 'Spring', 9 June- 2 September 2014 as 'Summer', 2 September-24 November 2014 as 'Fall', and 20 January-17 March 2014 and 24 November 2014--2 February 2015 as 'Winter'. The sample collected between 23 December 2014--5 January 2015 corresponded to when the daycare center was closed, and thus we classified it as 'Unoccupied'. We excluded the three samples collected between 20 January-3 February 2014, 3--17 February 2014, and 12--27 May 2014 from further analysis because the percentage of sequences that could not be assigned any taxonomy was 91%, 66%, and 67%, respectively. These percentages were much higher than the average unassigned rate of \<3% across all other samples, indicating potential problems in the preparation and/or sequencing of these samples. An inherent limitation of the sequencing-based approach is that it does not discriminate between viable and non-viable organisms. Thus, the "community" that we describe is that defined by its genetic material.

Taxonomic analysis revealed that bacterial bioaerosols were diverse yet were dominated (greater than 60% of sequences in samples) by the classes Gammaproteobacteria, Alphaproteobacteria, Actinobacteria, Bacilli, and Betaproteobacteria ([Fig 1](#pone.0151004.g001){ref-type="fig"}). Additionally, the dominant bacterial phyla were Proteobacteria, followed by Firmicutes, Actinobacteria, and Bacteroidetes, with year-long relative abundance averages of 49%, 14%, 13%, and 9%, respectively. Three of these---Actinobacteria, Proteobacteria, and Firmicutes---also were the dominant phyla in a metagenomic study of airborne microorganisms in daycare centers and schools in South Korea \[[@pone.0151004.ref038]\]. A study of the bacterial composition of dust in daycare centers in Finland showed that Gram-positive Bacilli and Actinomycetales (class Actinobacteria) dominated the airborne bacterial flora \[[@pone.0151004.ref050]\]. Prior studies of the microbiome in homes, office buildings, and classrooms have identified the same dominant phyla and classes \[[@pone.0151004.ref009], [@pone.0151004.ref051]--[@pone.0151004.ref053]\]. Given the current state of knowledge, the airborne microbiome of daycare centers appears to be similar to that of other indoor environments. It is possible that future tools may enable identification of unique features of the airborne microbiome of daycare centers, if they exist, but very carefully controlled studies would be required. A meta-analysis of 16 studies of the microbiome of the indoor environment found that technical variations between studies, such as geographic location and sample type, strongly affect comparisons of the microbial community \[[@pone.0151004.ref054]\].

![Phylogenetic classifications to the class level by season and when the center was unoccupied.](pone.0151004.g001){#pone.0151004.g001}

The dominant phyla match the four that account for most of the typical human skin flora: Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria \[[@pone.0151004.ref055]\]. The building where we collected our samples was occupied by \~100 children and their adult teachers at any given time. Humans shed 5 × 10^8^ cells day^-1^ \[[@pone.0151004.ref056]\]; thus human occupancy should have a dramatic impact on shaping the microbiome of the indoor environment. Qian et al. \[[@pone.0151004.ref010]\] measured bacterial bioaerosol emission rates of 3.7 × 10^7^ bacterial genome copies per person-hour in a classroom. As in other studies of densely occupied environments \[[@pone.0151004.ref009], [@pone.0151004.ref057]\], our results suggest that the occupants of the daycare, and not the outdoor environment or other sources, are the main driver of the community structure of airborne bacteria.

[Fig 2](#pone.0151004.g002){ref-type="fig"} shows principal component analysis of weighted UniFrac distance for each sample, grouped by season except for the sole sample collected when the daycare center was closed and unoccupied during the winter holidays (white dot in [Fig 2](#pone.0151004.g002){ref-type="fig"}). The unoccupied sample exhibited a different community structure compared to samples collected when the daycare center was open. The relative abundances of Gammaproteobacteria and Flavobacteriia were higher in the unoccupied sample compared to the occupied samples, while the relative abundances of Actinobacteria, Bacilli, and Betaproteobacteria were lower ([Fig 1](#pone.0151004.g001){ref-type="fig"}). Weighted UniFrac distance was significantly different between occupied and unoccupied conditions (p = 0.031), but unweighted UniFrac distance was not (p = 0.203). Kembel et al. \[[@pone.0151004.ref006]\] observed a slight increase in the relative abundance of Gammaproteobacteria and a decrease in the relative abundances of Betaproteobacteria and Bacilli in outdoor air compared to indoor air of a mechanically ventilated building. These results suggest that the bacterial community is more influenced by the outdoor environment when the daycare center is closed, due to the decrease in human occupancy.

![PCoA analysis of weighted UniFrac distance showing individual samples by season and one unoccupied sample.](pone.0151004.g002){#pone.0151004.g002}

According to principal component analysis, there were no apparent differences in the community structure of each sample between spring, summer, fall, and winter, as shown in [Fig 2](#pone.0151004.g002){ref-type="fig"}. Alpha diversity, as measured by number of OTUs, showed no seasonal trend. A more in-depth statistical analysis using ANOSIM (Table in [S2 Table](#pone.0151004.s002){ref-type="supplementary-material"}) suggested there to be a significant difference between seasons as measured using weighted UniFrac distance (p\<0.05), with the exception of the winter-spring pair. On the other hand, analysis using unweighted UniFrac distance demonstrated no significant difference between seasons (p\>0.05) with the exception of the winter-summer and spring-summer comparisons (p\<0.05). These results suggest OTUs within the daycare microbial community to be largely consistent across seasons, but with varying relative abundances.

Using ADONIS, we evaluated the correlation between temperature, relative humidity, and air velocity in the HVAC duct and weighted UniFrac beta diversity. For the variables of temperature and relative humidity, the correlation analysis indicated a significant correlation (p = 0.02 and 0.005, respectively); however, the R^2^ values were 0.067 and 0.08, respectively, so the correlation explained only a small amount of variance. There was no significant correlation with air velocity in the duct (p = 0.673).

Previous work examining seasonal dynamics of microbes in indoor air has focused mainly on the concentrations of viable bacteria and fungi. Reponen et al. \[[@pone.0151004.ref058]\] showed a seasonal effect on the concentration of viable fungi in household air, while Moschandreas et al. \[[@pone.0151004.ref059]\] suggested that summer and fall produce the highest concentrations of cultivable bacteria in the air of homes. Due to the seasonality of both ambient conditions and certain diseases \[[@pone.0151004.ref041]\], we expected to observe seasonal differences in the community structure, but pathogens account for a small fraction of total bacteria. We also expected to observe seasonal differences because Bowers et al. \[[@pone.0151004.ref060]\] showed that the community structure in outdoor air is strongly affected by season. However, it appears that building occupants strongly influenced the microbiome of the daycare center's air, obscuring any seasonality that might have existed in bacteria originating from outdoor air. In studying the seasonal dynamics of bacteria in dust collected from office buildings, Rintala et al. \[[@pone.0151004.ref053]\] also did not find clear differences in microbial community structure between seasons.

These results suggest that human occupancy, and the shedding of skin cells, is a major factor in determining the microbial community structure of airborne bacteria; and in heavily occupied environments such as daycare centers, schools, and offices, human occupancy has greater influence than does the outdoor environment in shaping the airborne microbiome. It is possible that in a very well-ventilated and low-occupancy environment, seasonal differences in the community structure of airborne microorganisms will be observed. This topic is an excellent avenue for future research.

3.2 Dynamics of Selected Viruses {#sec010}
--------------------------------

Using PCR, we determined the presence or absence of adenovirus, enterovirus-71, IAV, RSV, rhinovirus, and rotavirus in samples based on whether an amplicon was produced at the same size as a positive control. [Table 3](#pone.0151004.t003){ref-type="table"} shows results for adenovirus, RSV, and rotavirus, where a plus sign indicates the virus was present based on a PCR positive result for the sampling period. We were not able to reach definite conclusions for enterovirus-71, IAV, or rhinovirus because PCR results indicated contamination on the HVAC filters for these viruses. Although two of our negative controls, the PCR water blank and the extraction kit blank, did not produce any PCR products, the unexposed filter did produce an amplicon at the correct size for the region being amplified. This suggests the possibility that the HVAC filters were contaminated with enterovirus-71, IAV, and rhinovirus and that the contamination was present on the unexposed filter and did not originate from the PCR reaction or extraction kit. Upon further investigation, we learned that the HVAC filters were not machine-produced but were mounted in the cardboard frame by hand, thus providing a possible avenue for contamination with human-associated microbes. It is critical that any future studies using PCR on bioaerosols collected from HVAC and other types of filters attempt to remove pre-existing nucleic acid by subjecting them to ultraviolet radiation, bleach, or some other decontamination method immediately prior to sampling.

10.1371/journal.pone.0151004.t003

###### Presence (+) or absence (-) of a virus during each sampling period based on production of amplicon during PCR.

![](pone.0151004.t003){#pone.0151004.t003g}

  Sampling Start Date                      Sampling End Date   RSV   Rotavirus   Adenovirus
  ---------------------------------------- ------------------- ----- ----------- ------------
  20 January 2014                          03 February 2014    \-    \-          \-
  03 February 2014                         17 February 2014    \-    \-          \-
  17 February 2014                         03 March 2014       \-    \-          \-
  03 March 2014                            17 March 2014       \-    \-          \-
  17 March 2014                            31 March 2014       \+    \-          \-
  31 March 2014                            14 April 2014       \+    \-          \-
  14 April 2014                            28 April 2014       \+    \-          \-
  28 April 2014                            12 May 2014         \-    \-          \-
  12 May 2014                              27 May 2014         \+    \-          \-
  27 May 2014                              09 June 2014        \+    \-          \-
  09 June 2014                             23 June 2014        \+    \-          \-
  23 June 2014                             07 July 2014        \+    \-          \-
  07 July 2014                             21 July 2014        \+    \-          \-
  21 July 2014                             04 August 2014      \-    \-          \-
  04 August 2014                           18 August 2014      \-    \-          \-
  18 August 2014                           02 September 2014   \-    \-          \-
  02 September 2014                        15 September 2014   \-    \-          \-
  15 September 2014                        29 September 2014   \-    \-          \-
  29 September 2014                        13 October 2014     \-    \-          \-
  13 October 2014                          27 October 2014     \-    \-          \-
  27 October 2014                          10 November 2014    \+    \-          \-
  10 November 2014                         24 November 2014    \+    \-          \-
  24 November 2014                         08 December 2014    \+    \-          \-
  08 December 2014                         23 December 2014    \+    \-          \-
  23 December 2014                         05 January 2015     \+    \-          \-
  05 January 2015                          19 January 2015     \+    \-          \-
  19 January 2015                          02 February 2015    \+    \-          \-
  Negative Control: PCR Water Blank                            \-    \-          \-
  Negative Control: Extraction Kit Blank                       \-    \-          \-
  Negative Control: Unexposed Filter                           \-    \-          \-
  Positive Control                                             \+    \+          \+

We detected RSV during two extended periods: 17 March 2014--21 July 2014 and 27 October 2014--2 February 2015 ([Table 3](#pone.0151004.t003){ref-type="table"}). RSV is a lower respiratory tract viral pathogen in infants and young children that causes common-cold-like symptoms \[[@pone.0151004.ref061]\]. Lindsley et al. \[[@pone.0151004.ref062]\] showed that RSV occurred in aerosols small enough to remain airborne for an extended time, be transmitted via the airborne route, and cause infection. RSV is a seasonal virus that typically first appears in the northern hemisphere in November with an epidemic period lasting approximately four months \[[@pone.0151004.ref063]\]. In the southern hemisphere RSV typically first begins to cause infection in March or April. Our study did not collect any human information (e.g., health, travel, etc.), so we cannot confirm whether there was an out-of-season outbreak at the daycare center in the spring and early summer. Seasonality does appear to play a role in shaping the presence of RSV in the air of a daycare center.

We did not detect adenovirus and rotavirus at any time throughout the year ([Table 3](#pone.0151004.t003){ref-type="table"}). This finding was contrary to expectations for adenovirus, as Fairchok et al. \[[@pone.0151004.ref032]\] suggested the virus causes 22% of respiratory tract infections in daycare centers. Airborne transmission of adenovirus in the environment has been demonstrated \[[@pone.0151004.ref064], [@pone.0151004.ref065]\], and the virus has been found in the air of a pediatric department of a hospital \[[@pone.0151004.ref066]\]. Further studies are needed to explain why the virus was not detected. Rotavirus causes a significant amount of diarrheal diseases in daycare centers \[[@pone.0151004.ref067], [@pone.0151004.ref068]\], and Dennehy et al. \[[@pone.0151004.ref069]\] detected rotavirus in 75% of air samples collected in hospital rooms with rotavirus-infected patients, even though the virus is shed in feces and is primarily transmitted via the fecal-oral route through contaminated hands, surfaces, and fomites \[[@pone.0151004.ref070], [@pone.0151004.ref071]\]. The daycare center we sampled has very strict policies regarding sanitization after diaper changes, washing hands frequently, and immediately sending home children with diarrhea, so the opportunities for aerosolization may have been minimal. Babies and toddlers do not use toilets, which can aerosolize fecal pathogens \[[@pone.0151004.ref072]--[@pone.0151004.ref074]\]; soiled diapers go directly into the trash. Additionally, the rotavirus vaccine became routine in 2006 in the United States \[[@pone.0151004.ref075], [@pone.0151004.ref076]\]. The vaccine is highly effective, reducing hospitalizations and emergency department visits by more than 80%.

We did not collect any human-subject related information (e.g., health records, travel information, etc.); however, in the future it would be valuable to correlate disease outbreaks in a daycare center with the airborne microbial community. Additionally, future studies should investigate microbial communities in the air, on surfaces, and in/on humans simultaneously at a daycare center; the continuing decrease in sequencing costs would make such a study feasible. Initially, the goal of our study was to examine viral communities using metagenomics; however, we were unable to obtain useful sequence data, most likely due to sampling in a limited-biomass environment (i.e., the air compared to water or soil). Using metagenomics to examine airborne viral communities has remained elusive due to challenges in both sampling and data analysis \[[@pone.0151004.ref043], [@pone.0151004.ref044]\].

4. Conclusions {#sec011}
==============

We examined the airborne bacterial community and specific viruses collected on HVAC filters in a daycare center over a full year. Bacteria associated with human skin dominated the samples. The community structure differed when the center was occupied v. unoccupied, supporting the idea that human occupancy plays a critical role in shaping the indoor air microbiome. Seasonal dynamics were not evident in the bacterial community structure. Airborne RSV was present during wintertime, matching the typical seasonal pattern of the disease; RSV was also present in the spring through early summer. We did not detect adenovirus or rotavirus at any time. As we found HVAC filters to be contaminated with certain virus species, we urge future researchers to attempt to sterilize the filters prior to sampling.
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###### PCR cycling conditions used to detect the presence of specific viral bioaerosols throughout the year.
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Click here for additional data file.

###### Pairwise comparisons of UniFrac distance by season (p-values resulting from 999 permutations).
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Click here for additional data file.

This work was supported by the Alfred P. Sloan Foundation (2013-5-19MBPF) and the National Institutes of Health (NIH) through the NIH Director's New Innovator Award Program (1-DP2-A1112243). We are grateful to a daycare center in Blacksburg, Virginia for allowing us to collect samples there. We would like to thank Sarah McDonald at the Virginia Tech Carilion Research Institute, Kanta Subbarao at the National Institute of Allergy and Infectious Diseases, and Lijuan Yuan at the Virginia-Maryland College of Veterinary Medicine for providing genomic material for rotavirus, influenza A virus, and enterovirus-71, respectively.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: AJP LCM. Performed the experiments: AJP AV. Analyzed the data: AJP AV KJB LCM. Contributed reagents/materials/analysis tools: LCM KJB. Wrote the paper: AJP KJB LCM.
